MCs; immunohistochemistry confirmed these data in retinal sections and in cultures of 1
Introduction
D-serine can act as a neurotransmitter activating the 'glycine' site of the N-methyl-D-aspartate (NMDA) subtype of glutamate receptors with a potency 3-fold greater than glycine (Mothet et al., 2000) . It is synthesized from L-serine by serine racemase (SR), which is localized to regions of the brain that are enriched in NMDA receptors (reviewed in Mustafa et al., 2004) , particularly astrocytic glia that ensheath synapses.
Mechanisms for storage and release of D-serine have been studied in astrocytes from the brain. Initial studies of D-serine release performed by Schell and colleagues suggested that AMPA/KA receptors mediate release of D-serine (Schell et al., 1995) . Work by Mothet and co-workers, using a sensitive assay to monitor D-serine release, showed that w40% of Dserine is stored in small, synaptic-like vesicles, which are VAMP2-positive; release of D-serine from these vesicles is calcium-sensitive (Mothet et al., 2005) . Recent studies using C6 glioma cells demonstrated that the binding of SR by glutamate receptor interacting protein (GRIP) augments the activity of the enzyme and D-serine release (Kim et al., 2005) .
Once released into the extracellular milieu, neurotransmitters must be removed/recycled, a process that requires an uptake system. Studies using C6 glioma cells or primary astrocyte cultures from rat brain investigated the potential role of various amino acid transport systems for the uptake of Dserine. Using known substrates for a variety of neutral amino acid transporters (ASCT1, ASCT2, system A, system L), functional evidence suggested that D-serine uptake is mediated by the ASC type of transporters (Hayashi et al., 1997; Ribeiro et al., 2002) , though no functional studies were performed to distinguish between ASCT1 and ASCT2 transporters, nor were molecular analyses performed to determine which transporter mediated D-serine transport.
Recently, the retina has been analyzed for the presence of D-serine and SR and both have been localized, in several species, to the major glial cell type in the retina, the Müller cells, as well as to astrocytes (Stevens et al., 2003) . In whole retina preparations from the larval tiger salamander, O'Brien and colleagues explored the possibility that neutral amino acid transporters mediate D-serine uptake, postulating that an amino acid exchanger that can take up and release D-serine would offer a mechanism for regulation of D-serine levels in retina (O'Brien et al., 2005) . These studies used a novel capillary electrophoresis method and demonstrated that D-serine uptake was Na þ -dependent, thus ruling out the Na þ -independent asc-1 transporter (SLC7A10), which mediates transport of small neutral L-and D-amino acids, as a transporter for D-serine in retina. Their findings that the Na þ -dependent uptake of Dserine was inhibited by L-alanine, L-serine and L-cysteine were consistent with transport mediated by the ASC types of neutral amino acid transporters. The ASCT1 (SLC1A4, alias: SATT) and ASCT2 (SLC1A5, alias: ATB 0 ) transport systems are Na þ -dependent and have high affinity for alanine, serine, and cysteine. They exhibit distinct substrate selectivity; in addition to the common substrates of ASCT transporters, ASCT2 also accepts glutamine and asparagine as high affinity substrates, whereas ASCT1 does not (Kanai and Hediger, 2003) . The studies by O'Brien et al. (2005) did not distinguish between the ASCT1 or the ASCT2 transporters, nor did they rule out transport by a unique amino acid transporter ATB 0,þ , which is energized by Na þ -and Cl À -gradients and membrane potential . ATB 0,þ (SLC6A14) has broad substrate specificity and concentrative ability and recognizes neutral as well as cationic amino acids. ASCT2 as well as ATB 0,þ have been shown to mediate D-serine uptake (Thongsong et al., 2005; Hatanaka et al., 2002a,b) . Immunohistochemical analysis of ocular tissues using an antibody specific for ATB 0,þ provided evidence that this transporter is present in mammalian retina (Hatanaka et al., 2004) .
Given that in retina, D-serine has been shown to be abundant in Müller cells (O'Brien et al., 2005) , we sought to analyze the mechanism(s) of D-serine uptake in these cells using a rat Müller cell line (rMC-1) (Sarthy et al., 1998) as well as primary cultures of Müller cells isolated from mouse retina (Umapathy et al., 2005; Jiang et al., in press ). Our approach used functional methods to distinguish among the three likely transporter candidates (ASCT1, ASCT2, ATB 0,þ ), and used molecular methods to establish the identity of the transporter likely to be responsible for the uptake and/or efflux of D-serine in Müller cells.
Materials and methods

Reagents
Reagents used in this study were obtained from the following vendors: Dulbecco's modified Eagle's medium F12 (DMEM: F12) medium, TRIzol reagent, and penicilline streptomycin (Gibco-Life Technologies, Rockville, MD), fetal 
Cell culture
The development of the rat Müller cell line (rMC-1) has been described (Sarthy et al., 1998) . Primary cultures of Müller cells (hereafter referred to as 1 MCs) were isolated from 7-to 10-day-old C57Bl/6 mice following our published method (Umapathy et al., 2005; Jiang et al, in press ), which was adapted from that of Hicks and Courtois (1990) . Mice were maintained following institutional guidelines for humane treatment of animals. rMC-1 and 1
MCs were maintained at 37 C in a humidified chamber of 5% CO 2 in DMEM/F12, supplemented with 10% fetal bovine serum (FBS), 100 U/ml penicillin, and 100 mg/ml streptomycin. The culture medium was replaced with fresh medium every other day. Upon confluence, cultures were passaged by dissociation in 0.05% (w/v) trypsin in 0.01 M phosphate-buffered saline (PBS), pH 7.4.
Uptake experiment in cultured cells
rMC-1 cells and 1
MCs were seeded in 24-well culture plates at an initial density of 0.1 Â 10 6 cells/well and were grown to confluence in 24-well plates. At the time of uptake experiments, the culture medium was removed and cells were washed twice with uptake buffer. To determine whether the uptake of [ 3 H] D-serine in Müller cells was sodium and chloride-dependent or -independent, uptake was examined using different buffers. The composition of the sodium-containing uptake buffer (NaCl buffer) was 25 mM 4-(2-hydroxyethyl)-1-piperazineethansulfonic acid (HEPES)/Tris, 140 mM NaCl, 5.4 mM KCl, 1.8 mM CaCl 2 , 0.8 mM MgSO 4 , and 5 mM glucose, pH 7.5. For the buffer lacking sodium (NMDG buffer), 140 mM NaCl was replaced by N-methyl-D-glucamine chloride (NMDG-Cl); for the chloride-free buffer (Na-gluconate buffer), the NaCl, CaCl 2 , and KCl were replaced by D-gluconic acid sodium salt, D-gluconic acid calcium salt and D-gluconic acid potassium salt, respectively. Uptake was initiated by adding 250 ml uptake medium containing [ 3 H] D-serine. Uptake measurements were done with a 30 min incubation at 37 C, which was in the linear range for uptake. Uptake was terminated by removal of the medium by aspiration followed by two washes with ice-cold uptake buffer without the radiolabeled substrates. Cells were solubilized in 0.5 ml of 0.1% sodium dodecyl sulfate (SDS) in 0.2 N NaOH and transferred to scintillation vials for quantitation of radioactivity. This protocol is the same as described previously from our laboratory for the measurement of amino acid uptake in mammalian cells (Bridges et al., 2001 ).
Analysis of D-serine efflux using the Xenopus laevis oocyte heterologous expression system
Human ASCT2 cRNA was prepared using previously described methods (Torres-Zamorano et al., 1998) . Briefly, the pSPORT-hASCT2 cDNA construct was linearized with NotI and the cDNA insert was transcribed in vitro using T7 RNA polymerase in the presence of RNase inhibitor and RNA cap analog. The Ambion MEGA script kit was used for this purpose. The resultant cRNA was extracted with phenol/chloroform and precipitated with ethanol. Concentration of RNA was determined by UV spectrophotometry and integrity of RNA was verified by 1% denaturing formaldehydeeagarose gel electrophoresis and visualized using ethidium bromide fluorescence.
Oocytes isolated from Xenopus laevis were digested with collagenase A (1.6 mg/ml) in a Ca 2þ -free buffer (82.5 mM NaCl, 2 mM KCl, 1 mM MgCl 2 and 5 mM Hepes/Tris, pH 7.5) for 1 h at room temperature and then manually defolliculated under a stereomicroscope. Mature (stages VeVI), defolliculated oocytes were selected and stored overnight at 18 C in modified Barth's medium (88 mM NaCl, 1 mM KCl, 2.4 mM NaHCO 3 , 0.82 mM MgSO 4, 0.33 mM Ca(NO 3 ) 2 , 0.41 mM CaCl 2 , and 20 mM Hepes/Tris, pH 7.5) with 10 mg/ml gentamycin sulfate. Oocytes were injected 1 day after isolation with 50 nl aqueous solution of cRNA (1 mg/ml) or 50 nl of water. The injected oocytes were stored in modified Barth's medium at 18 C for 5 days prior to uptake or efflux measurements. Uptake of D-serine in water-injected and hASCT2 cRNA-injected oocytes was determined as described previously (Torres-Zamorano et al., 1998) by incubating the oocytes with 5 mM [ 3 H] D-serine for 1 h in an NaCl-containing medium. For efflux experiments, cRNA-injected oocytes were incubated for 1 h at room temperature with 5 mM [ 3 H] D-serine in NaCl-containing uptake buffer. Following this incubation, oocytes were washed rapidly with uptake buffer and then transferred into 1 ml NaCl-containing uptake buffer with or without unlabeled amino acids. The efflux of [ 3 H] D-serine was measured by determining the amount of radiolabel retained in the oocytes after 30 min incubation. MCs using TRIzol reagent. RT-PCR was carried out using primer pairs specific for rat and mouse ASCT1, ASCT2, ATB 0,þ and SR (see Table 1 ). For reverse transcriptase (RT)-PCR analysis, 1 mg total RNA was reverse-transcribed using the Gene-Amp RNA-PCR kit according to the manufacturer's protocol. PCR was then performed using 0.4 mmol each of sense and antisense primers and 2.5 units of AmpliTaq DNA polymerase and the following cycling conditions: 95 C 5 min, 35 cycles of 94 C 1 min, 60 C 1 min, and 72 C 2 min, 1 cycle of 72 C 30 min. The products were size-fractionated on an agarose gel and stained by ethidium bromide.
Immunodetection of SR and ASCT2
Western blot analysis was performed to determine whether SR was detectable in the Müller cell line rMC-1 and in 1 MCs. Cells were grown to confluence and subjected to SDS-PAGE following our published methods (Dun et al., 2006) . Protein concentrations were estimated according to the method of Lowry et al. (1951) . After transferring the separated proteins onto nitrocellulose membranes, the membranes were blocked for 1.5 h at room temperature with Trisebuffered salinee0.1% Tween-20 containing 5% non-fat milk. The membranes were incubated for 2 h at room temperature with mouse monoclonal antibody against SR (1:200). The membranes were probed with a secondary HRP-conjugated goat anti-mouse IgG antibody (1:3000) for 1.5 h, washed and the proteins visualized using the ECL Western detection system. The membranes were washed and reprobed with an antibody against b-actin as an internal control. Additional experiments were performed to detect ASCT2 in neural retina and in 1 MCs. Neural retina was isolated from mouse eye, and because ASCT2 is expressed in lung, brain and kidney (Utsunomiya-Tate et al., 1996) , these tissues were used as positive controls. Protein was extracted as described (Dun et al., 2006) and membranes were incubated for 2 h at room temperature with the polyclonal antibody against ASCT2 (1:500). The membranes were probed with a secondary HRP-conjugated goat anti-rabbit IgG antibody (1:2000) for 1.5 h. For immunohistochemical analysis of ASCT2, intact retinas and 1
MCs were used. Frozen sections of mouse retina, obtained as described in Dun et al. (2006) were incubated with the polyclonal antibody against ASCT2 (1:50) and detected using Alexa Fluor 488-conjugated anti-goat IgG, 1 MCs were isolated as described above, plated on coverslips and subjected to immunocytochemistry with the ASCT2 antibody (1:25) followed by the Alexa Fluor 488 IgG antibody. ASCT2 was detected by epifluorescence using a Zeiss Axioplan-2 microscope (Carl Zeiss, Göttingen, Germany) and the axiovision program.
Data analysis
Each uptake experiment was performed in duplicate or triplicate and was repeated two to four times. Data analysis (analysis of variance) was performed using the SPSS statistical software package ( p < 0.05 was considered significant). For data in which variances were equivalent the LSD post hoc test was used and for tests in which they were not equivalent Dunnett's test was used. Kinetic analysis was done using Fig. P (version 6 .0, Biosoft, Cambridge, UK). Data are presented as means AE SE.
Results
RT-PCR was used to analyze the expression of SR in rMC-1 cells. As shown in Fig. 1A , an expected 415 bp cDNA was amplified by RT-PCR with rMC-1 cell mRNA and primers specific for rat SR. Extraction of proteins from rMC-1 and 1
MCs and subsequent SDS-PAGE and immunoblotting with a mouse monoclonal antibody for SR detected only one band with the expected molecular size of w38 kD (Fig. 1B) . The membrane was stripped and reprobed with antibody against b-actin as a loading control and a single band of molecular size w 45 kD was detected. Thus, the enzyme responsible for conversion of L-to D-serine is present in isolated Müller cells.
The role of Na þ as well as Cl À in the uptake of D-serine was examined in Müller cells. As shown in Fig. 2A , there was robust uptake of D-serine in rMC-1 cells when NaCl was present in the medium. The uptake decreased significantly when Cl À was omitted, but the presence of this anion was not obligatory for the uptake process because there was still substantial D-serine uptake even in the absence of Cl À . In contrast, the uptake was drastically reduced when Na þ was absent. These data show that D-serine uptake in rMC-1 cells is absolutely dependent on Na þ and that Cl À is not obligatory for the process. The uptake in the presence of NaCl was linear for at least 30 min. Therefore, subsequent uptake measurements were done with this time period to reflect linear uptake rates. The Na þ -activation kinetics were analyzed to determine the Na þ :D-serine stoichiometry. The dependence of D-serine uptake on Na þ concentration displayed a hyperbolic relationship and the analysis of the data by the Hill equation yielded a value of 0.8 AE 0.03 for the Hill coefficient (Fig. 2B) , indicating an Na þ :D-serine stoichiometry of 1:1. We confirmed the ion dependence of D-serine uptake in 1 MCs (Fig. 2C) . The uptake in these cells exhibited a similar ion dependence as in rMC-1 cells.
The substrate specificity of the transport system responsible for D-serine uptake in Müller cells was examined by assessing the abilities of various amino acids to compete with D-serine uptake in the presence of NaCl. In rMC-1 cells, the uptake of D-serine was inhibited markedly by L-alanine, L-serine, Lcysteine, L-asparagine, and L-glutamine (Fig. 3A) . Unlabeled D-serine competed with [ 3 H] D-serine as expected. However, the anionic amino acids L-aspartate and L-glutamate, and the cationic amino acids L-lysine and L-arginine failed to inhibit the uptake of D-serine. Similar results were obtained for Dserine uptake in 1 MCs (Fig. 3B ). These data show that the transport process that mediates the uptake of D-serine in Müller cells is specific for neutral amino acids and excludes anionic and cationic amino acids.
The data in Fig. 3 indicated that even though the transport system recognized the D-and L-isomers of serine, the affinity for D-serine was lower than that for L-serine as the magnitude of inhibition with L-serine was significantly greater than with D-serine. Therefore, to compare the affinities of these two isomers more accurately, we performed a doseeresponse study for the inhibition of [ 3 H] D-serine uptake by L-serine and unlabeled D-serine in rMC-1 cells and in 1 MCs (Fig. 4) . In both cases, L-serine was more potent in inhibiting [
3 H] Dserine uptake than D-serine. The IC 50 values (i.e., the concentration of serine which produces 50% of the maximum inhibitory response) for L-serine and D-serine in rMC-1 cells were 0.34 AE 0.05 and 3.4 AE 0.4 mM, respectively. The corresponding values in 1 MCs were 0.24 AE 0.05 and 1.6 AE 0.5 mM. Thus, even though D-serine is a transportable substrate for the transport system, the affinity for this isomer is approximately 10 times lower than for the L-isomer.
We then addressed the molecular identity of the transporter responsible for the uptake of D-serine in these cells. The analysis focused on the Na þ -dependent transporters ASCT1, ASCT2 and ATB 0,þ , and did not include Na þ -independent transporters (system L and system asc). With RNA prepared from rMC-1 cells and 1
MCs, RT-PCR was performed with species-specific primers unique for each of these three transporters (Fig. 5) ASCT1 and ASCT2 are expressed in both cell types (Fig. 5A and B) . ATB 0,þ was not expressed in either rMC-1 or 1
MCs, though was expressed in mouse lung, used as a positive control (Fig. 5C) .
To confirm the presence of ASCT2 in the retina and in 1 MCs, we obtained a commercially available antibody specific for the ASCT2 transporter and used it in western blot analysis and immunohistochemistry. As shown in Fig. 6A, ASCT2 was detected by western blotting in retina isolated from mouse. Tissues known to express ASCT2 (lung, brain and kidney) were used as positive controls. In all four tissues a single band was detected that was consistent with the molecular size of w38e45 kDa, which is slightly less than that reported for ASCT2 in lens. Differences in the molecular weights for ASCT2 in various tissues are thought to result from differential glycosylation and/or phosphorylation of ASCT2 (Avissar et al., 2001) . Similar results were obtained when 1
MCs were subjected to immunoblotting (Fig. 6B) . We then used retinal cryosections obtained from mouse and cultures of 1 MC in immunohistochemical studies and found robust ASCT2 expression in the cells of the inner nuclear layer (Fig. 6C ) consistent with its presence in Müller cells, which have their cell body in this retinal layer. ASCT2 was detected also in the 1 MCs (Fig. 6D) . The distribution of the protein was largely cytoplasmic as shown in the inset (Fig. 6D) . This is consistent with reports of ASCT2 localization in the lens by Lim et al. (2006) . These data provide strong evidence for the presence of ASCT2 in Müller cells.
A key feature of ASC-type transporters is that they do not function as unidirectional transporters. Instead, they function as amino acid exchangers in an Na þ -coupled manner (Kanai and Hediger, 2003) . The Na þ -coupled entry of amino acids in exchange for Na þ -coupled exit of amino acids is obligatory for the transport function of ASCT1 and ASCT2. Our functional studies point to ASCT2 as the transporter responsible for D-serine uptake in Müller cells. Even though we studied the transport function of this transporter only by monitoring the Na þ -coupled entry of D-serine into cells, the transporter should also be able to mediate the efflux of D-serine when ASCT2 substrates are present in the external medium. Previously, we characterized the cloned human ASCT2 for its amino acid exchange characteristic using the X. laevis oocyte heterologous expression system (Torres-Zamorano et al., 1998). However, the ability of ASCT2 to mediate the efflux of D-serine in the presence of amino acid substrates on the trans-side has not been studied. Therefore, the X. laevis oocyte expression system was used to examine the ability of the cloned human ASCT2 to mediate the efflux of D-serine coupled to the entry of ASCT2 substrates. The transporter was expressed in oocytes by injection of ASCT2 cRNA. Water-injected oocytes were used as control. The uptake of [ 3 H] D-serine (5 mM) in water-injected oocytes was compared with that of cRNA-injected oocytes in the presence of NaCl (Fig. 7) . The uptake in cRNA-injected oocytes was w3.5-fold higher than in water-injected oocytes, demonstrating the functional expression of the transporter. Additionally, ASCT2-expressing oocytes were preincubated with 5 mM [ 3 H] D-serine and then monitored for the efflux of radiolabel in the presence of 2.5 mM alanine, glutamine, or glutamate in an NaCl-containing buffer. Following the 30 min incubation, the radiolabel retained in the oocytes was determined. We found that the presence of alanine and glutamine on the trans-side decreased the amount of radiolabel retained in the oocytes, suggesting that these two amino acids, both of which are substrates for ASCT2, stimulated the efflux of Dserine (Fig. 7B) . In contrast, glutamate, which is not a substrate for ASCT2, had little or no effect on D-serine efflux. These data show that ASCT2 can mediate the efflux of D-serine in response to the presence of ASCT2 substrates on the trans-side. 
Discussion
The discovery that D-serine is a co-agonist of NMDA receptors has significant implications for its role in modulating the activities of this abundantly-expressed glutamate receptor in the nervous system including the retina (Miller, 2004) . The initial studies of D-serine were performed in brain; more recently D-serine and SR have been shown to be present in retina. Convincing evidence was presented in intact tissue by Stevens et al. (2003) that D-serine and SR are present in retinal Müller cells. Studies of the uptake of D-serine were performed in retina utilizing whole salamander retina preparations by O'Brien et al. (2005) . The authors suggested that a member of the Na þ -dependent ASC transporter family mediated Dserine uptake. The actual molecular identity of the specific transporter responsible for D-serine uptake was not determined. Given the intriguing possibility that glial cells may modulate the NMDA receptor via D-serine, we were interested in determining the identity of the transport system for D-serine specifically present in retinal Müller cells. To perform these studies we exploited a rat Müller cell line, rMC-1 (Sarthy et al., 1998) as well as Müller cells isolated from mouse retina to investigate this question comprehensively.
Our studies of D-serine transport in Müller cells began with analysis of the absolute requirements for Na þ and Cl À . It was clear that Na þ was essential for the uptake process, while Cl À was not. The requirement for Na þ ruled out the Na þ -independent transporters system asc (asc-1 and asc-2) and system L (LAT1 and LAT2) (reviewed in Verrey et al., 2004) as mediators of D-serine uptake in Müller cells. It was clear from our studies that the stoichiometry of D-serine uptake in the presence of Na þ was 1:1. The requirement for Na þ in the uptake process narrowed the likely transport systems for D-serine in Müller cells to the ASC family of transporters as well as the ATB 0,þ system. It was essential to consider this latter transporter system for D-serine uptake because in other cell types (e.g., colonocytes) this transporter has been shown to mediate the uptake of D-serine (Hatanaka et al., 2002a,b) . Given that ATB 0,þ has been detected in mammalian retina (Hatanaka et al, 2004) , it was a possible candidate as the mediator of Dserine uptake in Müller cells. ATB 0,þ , however, requires Cl À for its function. In addition, lysine and arginine are transported by ATB 0,þ . In our studies, D-serine uptake was reduced when Cl À was absent from the uptake buffer, but it was not eliminated. Moreover, the uptake of D-serine was not inhibited by lysine or arginine. An additional difference is the Na þ :amino acid stoichiometry. The Na þ :D-serine stoichiometry for ATB 0,þ is 2:1 (Hatanaka et al., 2002a,b) , whereas the corresponding value for D-serine uptake in Müller cells is 1:1. These functional differences made ATB 0,þ unlikely to be responsible for D-serine uptake in Müller cells. Furthermore, molecular analysis revealed that the mRNA encoding ATB 0,þ was not expressed in Müller cells. These data, taken collectively, rule out ATB 0,þ as a mediator of D-serine uptake in Müller cells, despite its role in this process in cells of other tissues.
We were then left with the two family members of the ASC transporter group as likely mediators of D-serine uptake in Müller cells. The mRNAs encoding ASCT1 and ASCT2 were both expressed in the rMC-1 and primary Müller cells. To distinguish between the two isoforms, we used a battery of known substrates for ASCT1 and ASCT2. Owing to the finding that uptake of D-serine was inhibited not only by alanine, serine and cysteine, but also by asparagine and glutamine, substrates specific for ASCT2, ASCT2 emerged as the mediator of D-serine transport in Müller cells. Our immunodetection experiments confirmed the presence of ASCT2 in neural retinal and in 1
MCs. Our studies with the X. laevis oocyte heterologous expression system and the cloned human ASCT2 showed that ASCT2 was able to mediate not only the uptake, but also the efflux, of D-serine, a distinct characteristic of ASC-type transporters. MCs reverse-transcribed into cDNA and subjected to PCR using mouse-specific ASCT1 and ASCT2 primers yielded products with the expected sizes 536 and 506, respectively. (C) Total RNA (1 mg) was isolated from mouse lung (positive control), rMC-1 and 1
MCs, reverse-transcribed into cDNA, and subjected to PCR using primers specific for mouse or rat ATB This study represents the first comprehensive analysis of the transport mechanisms for D-serine in a purified population of the retinal Müller cells. While earlier studies had established the likely requirement for Na þ in the process in brain (Hayashi et al., 1997; Ribeiro et al., 2002) and in whole retinal preparations (O'Brien et al., 2005) and had speculated that one of the family members of the ASC system was responsible for uptake, the molecular identify of the transporter had not been determined. The present study fills that void. Whether alterations in the function of ASCT2 in retinal Müller cells could have a negative impact on NMDA receptor function in neuronal cell types is not known, but is worthy of investigation. MCs to detect ASCT2. (C) Immunohistochemical detection of ASCT2 in intact retina. Cyrosections were prepared from mouse retina and subjected to immunohistochemistry as described to detect ASCT2 followed by the Alexa fluor 488 conjugated secondary antibody (green staining); DAPI was used to label nuclei (blue). Calibration bar ¼ 50 mm. (D) ASCT2 was detected in 1
MCs, and as shown in the inset, the labeling in these primary cells was largely cytoplasmic. Another interesting issue raised by the present studies is the mode of function of ASCT2 in D-serine transport in Müller cells under physiologic conditions. The transporter is an obligatory exchanger capable of hetero-exchange (i.e., Na þ -coupled entry of one amino acid in exchange of Na þ -coupled exit of a different amino acid) (Torres-Zamorano et al., 1998) . Therefore, whether the transporter functions in Müller cells in the release of D-serine into the extracellular medium or in the uptake of D-serine from the extracellular medium will be dependent upon the relative concentrations of D-serine and other ASCT2 substrates as well as Na þ in the cytoplasm of the cell versus the extracellular medium. Since Müller cells synthesize D-serine using serine racemase, we suggest that the primary function of the transporter may be to mediate the release of this neuromodulator.
